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Abstract We investigated vapour-phase-epitaxy grown ZnO NWs on a Si substrate by SEM. SEM
investigations show that there are single NWs and ensembles of NWs, amongwhichwe found straight and
bend, perfect (with regular facets and smooth surfaces) and non-perfect (with irregular facets, non smooth
surfaces, variable widths, damaged and particle) NWs, as well as NWs with clean surfaces, and surfaces
with dark spots and features. After FIB polishing, we found that every NW has a clean homogeneous
surface, which allows us to conclude that all its dark spots and surface features are really just surface
features. The FIB milling gives information regarding the deeper interior of the NWs, i.e. buried structures
within them, and whether or not those structures are propagating within them. But also here we found
that there are no buried structures inside the NWs and the dark spots and features are not propagating
within them, which lead to the result that NWs are totally homogeneous. The hexagonal facets of the
NWs were observed on SEM images, which emphasize their good crystalline quality. The sizes of NWs
were determined: the length is about 2–24 µm, and the width and height are about 200–500 nm.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
ZnO nanowires (NWs) have attracted renewed attention in
recent years, due to their peculiar optical properties [1,2]. This
material system is a promising candidate for short wavelength
optoelectronic devices. The attention being paid to ZnO has
been considerably enhanced since the first report on p-doped
ZnO light emitting diodes was published [3]. Many room-
temperature applications have already been shown, such as
single-NW field-effect transistors, laser diodes, solar cells,
and sensors [4]. Despite the recent progress in fabrication of
NW devices, the low-temperature properties of semiconductor
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Open access under CC BY-NC-ND license.NWs, and their potential for novel quantum devices, are still
widely unexplored. Self-organized ZnO NWs have substantial
advantages compared to other material systems (no surface
oxidation, high exaction binding energy, and ferromagnetic
properties when doped with transition elements). A key
property of thesematerial systems is their unique versatility, in
terms of geometrical dimension and composition. However, for
any application, detailed knowledge about optical properties,
microscopic origin, surface morphology and cross section,
which are influenced by, e.g.; growth methods or the geometry
of nanostructures, is of fundamental importance.
2. Experimental procedure
Experiments were carried out in a Dual Beam Focused Ion
Beam (FIB) system (model: NOVA 200 NanoLab, company: FEI),
which is combinedwith a Scanning ElectronMicroscopy (SEM).
The pressure inside is ∼10−7 mbar. During the operation, the
tilt of the stage in the SEM/FIB system is 52°.
ZnO NW samples were grown on a Si(111) substrate using
the vapour-phase-epitaxy technique [5]. The growth technique
of ZnO NWs is based on the Vapor–Liquid–Solid (VLS) process
occurring in metallic nano-particles, as shown in Figure 1.
A substrate with metal particles is placed in a tube furnace.
The metal particles act as catalysts for the growth of the
semiconductor NWs. The diameter of the NWs is set by the
catalyst dimension (typically; 1–100 nm), and NW length
G.S. Shmavonyan, S.M. Zendehbad / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 816–819 817Figure 1: The growth technique of ZnO NWs.Figure 2: SEM images of ensemble (a) and single ((b) and (c)) ZnO perfect NWs on Si substrate.Figure 3: SEM images of ZnO non-perfect single NWs on a Si substrate.(typically; 1–100 µm) is proportional to the growth time.
During growth, the semiconductor material is provided by
thermal evaporation of a powder target. The resulting vapour
is transported to the substrate in an argon flow, dissolves in
the metal particles and forms a eutect. When the liquid particle
becomes oversaturated, crystalline NW starts to grow. Because
new vapour is supplied continuously, the NW will keep on
growing and can reach lengths exceeding 100µm. After growth
(∼30 min), a huge number of single-crystalline NWs were
obtained [6]. The geometrical structure of the obtained NWs
depends strongly on growth conditions. Of main influence are
both temperatures at the source material, as well as at the
substrate, pressure and gas flow. Due to the fact that individual
wires of the as-grownensemble cannot be directly addressed by
a focused laser beam, single NWs have to be extracted from the
ensemble. This was achieved by sonication in a dissolver bath.
The optical properties of ZnO single NWs and the NW/nanowall
ensemble were investigated by Wischmeier et al. [6].
For SEM imaging, the diameter of the electron beam is 1 nm,
the applied acceleration high voltage is 20 kV and the current
is 0.4 nA. For FIB milling, the diameter of the focused Ga+ ion-
beam is 3 nmand the applied voltage is∼30 keV. The FIBmilling
time depends on the milling area of the sample, which usually
takes from a few seconds to 1 h. Rough and tiny FIB milling of
STM tips is carried out at Ga+ ion currents of 20 nA and 5 nA,
respectively. After cutting different single NWs by FIB milling,
the cross-section of the NWs was investigated by SEM. Thecutting process of different single NWs by FIB milling is carried
out at 0.3 and 1 pA Ga+ ion current for a few seconds, up to
1 min.
3. Results
SEM images of vapour-phase-epitaxy grown ZnO NWs on
a Si(111) substrate, before any FIB treatment, are shown in
Figures 2 and 3. There are ensemble (Figure 2(a)) and single
(Figure 2(b) and (c)), among which we found straight and bend,
perfect (regular facets, smooth surfaces) (Figure 2) and non-
perfect (irregularly facetted, rough surfaces, variable widths,
damaged or disintegrated) (Figure 3) ZnO NWs, as well as NWs
with clean surfaces and surfaces with dark spots and features.
To investigate, now, whether these surface specialties are
propagating into the NWs, their surfaces and cross-sections
have been investigated by FIB polishing (Figs. 4(b) and 5(b))
and milling (Figure 5(c)). Here, the removal of a prominent
dark spot on a NW is nicely shown in Figure 4. The cross-
section of the NW at the left-hand side in Figure 5(b) (arrow)
is shown in Figure 5(c), with no evidence of any protrusion of
the original dark spot in Figure 5(b). Examination of the surfaces
of the NWs by SEM showed that the surface spots and features
(Figure 4) on the surfaces and facets of the NWs are removed
after FIB polishing (Figure 4(b)), showing that they are not
propagating within the NWs, which is again confirmed by the
cross-section image in Figure 5(c). Thus, all those dark spots and
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also measured: length ≥200 nm, width 5–100 nm. So, surface
features are not propagating into the NWs, but what about,
e.g. buried structures? For the cross-sectional investigation, the
NWs were again FIB milled, but with a much lower energy to
‘‘gently’’ thin the wires instead of a brute cut, which yields
information of the deeper interior of the NWs. The successive
cut of a single NW again shows no evidences for any hidden
inhomogeneities; an expected result.
The sizes of the NWs are about 2–24µm in length and about
200–500 nm in width and height (Figure 2(a)). The hexagonal
facets observed emphasize the good crystalline quality of the
NWs (Figure 2(b) and (c)).
4. Conclusion
SEM investigations show that there are single NWs and
ensembles of NWs, among which we found perfect and non-
perfect NWs.
Surface characterization of the ZnO NWs by SEM showed
that the surface of the ZnO NWs is not smooth, having different
darkish spots and features, which are easily removed by
‘‘gentle’’ FIB treatment and do not protrude into the wires. By
a more ‘‘gentle’’ cross-sectional analysis, we found out that
buried structures are also totally absent.
The sizes of the NWswere determined. The hexagonal facets
of the NWs emphasize the good crystalline quality of the NWs.
Fabrication of high quality nanowires with different sizes
and their treatment by a focused ion beam allows their use for
medical, biomedical and environmental applications.
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